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Abstract: The analysis of contaminants mixing in natural channels is an important topic of
Environmental Hydraulics. In the mid-field, the prediction of transverse mixing is complicated by other
typical features of natural channels, such as bed forms and vegetation. The present experimental
research investigated the effects of bedforms and banks vegetation on the structure of the turbulent
flow field and on the transverse mixing process in a channel. A flume equipped with a set of ten 2D
fixed dunes on the bed and rice stems at the banks was used. Detailed velocity measurements were
performed using acoustic Doppler velocimetry. Mixing measurements were made using a NaCl
solution as the tracer and measuring its concentration downstream the point of injection. The results
showed that dunes and vegetation have a significant effect on the flow field and on transverse mixing
coefficient Dt-y . Comparing with the flat bed conditions, the presence of dunes and vegetation at the
channels banks significantly modified the flow field and increased the strength of secondary currents.
Finally, the presence of vegetation on channel banks increased the transverse mixing as compared
with dunes without vegetation.
Keywords: Environmental hydraulics, open channel flows, turbulence, dunes, bank vegetation,
secondary currents, transverse mixing

1

INTRODUCTION

The analysis of contaminants mixing in streams and rivers is a significant problem in environmental
fluid mechanics (Cushman-Roisin et al., 2012) and rivers engineering since to understand the impact
and the fate of pollutants in these water bodies is a primary goal of water quality management. Since
most rivers have a high aspect ratio, that is the width to depth ratio, discharged pollutants become
vertically mixed within a short distance from the source and vertical mixing is only important in the socalled near-field. In the mid-field, the vertical concentration gradients are negligible and both
subsequent transverse and longitudinal changes of the depth-averaged concentrations of the
pollutants should be addressed. In many cases, the spreading across the channel is important and
accurate modeling and the prediction of transverse mixing is required, but despite its importance, no
established theory exists to predict transverse mixing rates, turbulent diffusion coefficient and its
dependence on the various flow parameters must be determined from experimental works. It is
believed that transverse or lateral mixing is generally due to turbulence generated by the channel
boundaries, vertical variations in the transverse velocity (velocity shear) and secondary currents
(Rutheford 1994). Moreover, in most cases the prediction of transverse mixing is complicated by other
typical features of natural channels, such as bed forms and vegetation. Bed forms are formed along
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the channel bed in almost all the riverine systems. Bed forms have a significant effect on river
hydrodynamics as well on sediment transport, especially during floods conditions. On the other hand,
vegetation widely exists in natural channels, particularly in flood plains. It affects flow resistance and
sediment transport. Nevertheless, studies about transverse mixing in natural channels with bedforms
and vegetation are missing in the literature.
The paper presents the results of an experimental research about the effect of bed forms geometry
and vegetated banks on the flow field and on transverse mixing process. Several runs were carried
out in a laboratory flume where ten two-dimensional fixed dunes were placed on the bed and the
banks were covered by rice stems. First, detailed 3D velocity measurements were performed in five
sections along the channel using Acoustic Doppler Velocimetry (ADV) to identify the main
characteristics of the flow field. Second, the process of transverse mixing in the channel was studied
using saline water as a tracer. Hence, the tracer concentrations at five downstream distances from the
point of injection were measured.

2

EXPERIMENTAL SETUP. CHANNEL AND INSTRUMENTATION. POST-PROCESSING

Experiments were carried out in a flume 20 m long, 0.6 m wide and 0.6 m deep located in the
Hydraulics Laboratory of Shahrekord University, Shahrekord, Iran. The bottom and banks of the flume
were made of glass and the original slope was horizontal. A pump was located at the beginning of
flume to deliver water from a pond to the flume. There was a tail gate to control water level at the end
of flume. Three grids were used for damping the oscillations in the head box to obtain a stabilized flow
condition in this study. In the flume, an electromagnetic current meter was used to measure the
discharge with an accuracy of 0.4 L/s. Water depth was measured by a depth gauge with an accuracy
of ±1 mm over four consecutive dune crests sections. to derive an average value for the water depth.
Ten two-dimensional (2D) fixed dunes were implemented on the bottom of the flume. As shown in
Figure 1 (left), the median diameter of the gravel particles for dunes was d50=14 mm and the
0.5
geometric standard deviation σg of particle size distribution, given by (d84/d16) was 1.206.

Figure 1. Distribution of the grain size of the bed material (left) and flume banks (right).

Figure 2. Definition sketch of the dunes
Each dune had an angle of lee slope of 28˚ and a mean wavelength of 100 cm, while two different
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bedform heights hbf of 0.04 and 0.08 m were used. The coordinate system adopted is shown in Figure
2. The streamwise, transverse and vertical coordinates were x, y and z, respectively. As it shown in
Figure 1 (right), 7 m downstream the flume inlet the banks of the flume were covered by rice stems
with median diameter of 2.7 mm and a stem density was 400 stems/m.
The velocity field in the flume was studied using an acoustic Doppler velocimeter (ADV) equipped with
a three-dimensional side-looking head. The velocity range was 1.0 m/s, the sampling rate was 200 Hz
and the data accuracy was of ±0.1 mm/s. The sampling volume was located 0.05 m below the probe.
Therefore, velocity measurements at depths less than 5 cm below the free surface could not be
obtained due to the limitation of the down-looking ADV probe. To remove noise effects in this study,
the data with SNR<15 and COR<70% were discarded. Velocity profiles along the flume were
measured at five sections, located 11, 12, 13, 14 and 15 m, respectively, downstream from the inlet of
the flume. These sections are on the stoss face of the dune, upstream of the crest, i.e. before the
separation region. Each profile consisted from 20 to 30 measurement points and the lowest point was
3 mm above the bed. All measurements were conducted on the channel centerline. The Figure 3
shows the flume with the measurements sections.

Figure 3. Definition sketch of the flume with the measurement sections
Mixing measurements were made using sodium chloride (NaCl) as tracer. A solution with a
concentration of 30 g/L was continuously discharged from a constant head injection apparatus into
the middle of the flume at approximately mid-depth. Sodium chloride was mixed with methanol to
make the solution neutrally buoyant. Injections were made 8.8 m downstream from the inlet of the
flume. Water samplings were measured at the same five sections considered for the velocity
measurements. Each concentration profile consisted of 27 points. The NaCl concentration was
measured in the cross sections, using EC meter. For the measurement of the concentration it was
used an electrical conductivity meter which determines electrical conductivity as reciprocal of the
specific resistance of the water sample corrected to a standard temperature, usually 25°C.
Run
FB-28
D4-28
D8-20
D8-25
D8-28
D8-33
D8-36
DV8-20
DV8-25
DV8-28
DV8-33
DV8-36

h
(m)
0.28
0.28
0.20
0.25
0.28
0.33
0.36
0.20
0.25
0.28
0.33
0.36

u
(m/s)
0.2400
0.2411
0.2432
0.2445
0.2448
0.2453
0.2416
0.2460
0.2470
0.2487
0.2413
0.2456

u*
(m/s)
0.0162
0.0189
0.0265
0.0240
0.0200
0.0196
0.0187
0.0322
0.0291
0.0274
0.0221
0.0215

W/h

Remarks

2.14
2.14
3.00
2.40
2.14
1.82
1.67
3.00
2.40
2.14
1.82
1.67

Flat bed
Bedforms, hbf=0.04 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m

Table 1. Runs performed – Hydrodynamics conditions.
The experimental conditions are listed in Table 1. Three cases were considered: flat bed (FB), only
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dunes on the bed (D) and both dunes and bank vegetation (DV). Moreover two different heights for
the dunes, namely 0.04 and 0.08 m, and seven different water depths h, namely 0.20, 0.22, 0.25,
0.28, 0.30, 0.33 and 0.36 m, were used. The parameter h in Table 1 is the depth of the flow measured
on the stoss slope, 10 cm before the dune crest (see Fig.2). Overall, twelve runs were carried out.
The first run was on the flat bed (FB-28). Six runs were with only the dunes on the bed (D4-28, D8-20,
D8-25, D8-28, D8-33, D8-36), while five runs were carried out with both the dunes and the vegetation
at the banks (DV8-20, DV8-25, DV8-28, DV8-33, DV8-36). The flow was turbulent and subcritical.
Reynolds number, defined as Re= 4Rhu/ν, where Rh is the hydraulic radius of the channel crosssection and ν is water kinematic viscosity, were in the range from 30384 to 38259. The Froude
number ranged from 0.11 to 0.16, while the aspect ratio W/h was in the range from 1.67 to 3.0.
The time-averaged components of the velocity, streamwise, spanwise and vertical, were computed as
well as the Root Mean Square (RMS) of streamwise, spanwise amd vertical turbulence intensity. The
shear velocity u*. was obtained from the measured Reynolds stress distribution.
The transverse mixing coefficient was derived using the method of moments, i.e. from the rate of
change of spatial variance of the tracer transverse profile (Rutherford 1994).

3

RESULTS AND DISCUSSION

Following the Prandtl classification the secondary currents of the first kind combine flow motions with
streamwise time-averaged vorticity enhanced through vortex stretching. They are observed in curved
channels and meandering rivers. On the other hand, secondary currents of the second kind are
formed as a result of turbulence heterogeneity and anisotropy. Hence, they are also called
turbulence-driven secondary currents (Nezu and Nakagawa 1993). The vorticity generation term (v'²–
'²
w ) is usually used to represent the effect of secondary currents by the streamwise vorticity.
Experimental works over smooth beds reported by Nezu and Nakagawa (1993, p.107) revealed that
this term promotes the generation of secondary currents and in narrow channels, i.e. for W/h=2.0, this
term increases in the free-surface region, for z/h>0.6. This results was recently confirmed by Nasiri et
'²
al. (2010) for a narrow open channel flow over bedforms and walls vegetation, where the term (v'²–w )
over the stoss and at the crest for z/h>0.4 was larger near the vegetated banks than at the flume
center. This difference was missing in the separation region downstream the crest. Fig.4 shows the
vertical profiles of the vorticity generation term normalized by shear velocity for Runs FB-28, D4-28,
'²
D8-28 and DV8-28. Fig.4a shows that the term (v'²–w ) at the flume center was larger over bedforms
(D4-28 and D8-28) than over flat bed (FB). Second, for z/h>0.20, largest values of the vorticity
generation term were observed with bank vegetation (DV8-28) (Fig.4b). Hence, an increase in
secondary currents was inferred. Finally, the vertical profiles of the vorticity generation term was not
affected from the water depth (DV8-28, DV8-33 and DV8-36) for the flow with bank vegetation
(Fig.4c).

'²

*

Figure 4. Vertical profile of the vorticity generation term (v'²–w )/u ² for (a) FB-28, D4-28 and D8-28
and for (b) FB-28, D8-28 and DV8-28
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'²

*

Figure 4. Vertical profile of (v'²–w )/u ² for (c) FB-28, DV8-28, DV8-33 and DV8-36
Figure 5 shows the dimensionless vertical profile of the streamwise velocity component.
It is well-known that in narrow channels (W/h<5), the maximum velocity is located below the free
surface, approximately for z/h=0.6–0.7 (Nezu and Nagakawa 1993, p.97). This feature was also
observed for flow over dunes and without vegetation on channel banks with small aspect ratio, such
as W/h=3 and W/h≈3.5 reported by Bennett and Best (1995) and Nelson et al. (1993), respectively.
This is confirmed by the data from Runs FB-28, D4-28 and D8-28 with W/h=2.14 (Fig.5a). Also,
Nelson et al. (1993) have pointed out the quasi-logarithmic nature of the vertical structure of the
velocity in the internal boundary layer developing along the stoss face. For Run D4-28, the velocity
profile developed more gently than for the Runs FB-28 and D8-28 (Fig.5a).
Compared with both the flat bed and the bed with dunes, the presence of bank vegetation significantly
modified the velocity profile (Fig.5b). A larger dip phenomenon occurred (Nasiri et al., 2011), forcing
the maximum flow velocity to move toward the bed. For DV8-28 the maximum velocity occurred at a
depth of z/h=0.35, while lower velocities were observed moving up to the water surface (Fig.5b).
Finally, the vertical profile of the flows with bank vegetation and different water depth were almost
identical, with a large dip phenomenon and maximum velocity at z/h in the range from 0.275 to 0.345
(Fig.5c). The relation between the dip phenomenon and the secondary currents is discussed below.

Figure 5. Dimensionless vertical profile of the streamwise velocity component for (a) FB-28, D4-28
and D8-28 and for (b) FB-28, D8-28 and DV8-28
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Figure 5. Dimensionless vertical profile of the streamwise velocity component for (c) FB-28, DV8-28,
DV8-33 and DV8-36
'²

First, the analysis of the vorticity generation term (v'²–w ) revealed that it was larger over bedforms
than over flat bed (Fig.4a) and that, for z/h>0.20, the largest values were observed with bank
vegetation (DV8-28) (Fig.4b). Second, the vertical profile of the streamwise velocity component
developed more slowly for the flow over dunes than on the flat bed. Moreover, compared with both
the flat bed and the bed with dunes, the presence of bank vegetation significantly modified the
velocity profile forcing the maximum flow velocity to move toward the bed (Fig.5b). Since more than
one century it was reported that in both open channels and rivers for an aspect ratio W/h<5 the
location of the maximum velocity is below the free surface (z/h≈0.6–0.7) producing the dipphenomenon with a three-dimensional flow (Francis 1878; Nezu and Nagakawa 1993; Graf and
Altinakar 1998). This phenomenon is due to the influence of sidewalls on the centerline velocity
distribution and, in particular, to a strong vortex occurring near the free surface which transfers
momentum and energy from the side wall toward the channel center and, consequently, towards the
channel mid-depth and bed (Nezu and Nagakawa 1993, p.102). Hence, the occurrence of the dipphenomenon is related to the presence of strong secondary currents. The present study
demonstrated the presence of the bank vegetation increased the secondary currents as the maximum
velocity was located for z/h in the range from 0.275 to 0.345 (Fig.5c).
The transverse mixing coefficient was derived using the method of moments, i.e. from the rate of
change of spatial variance of the transverse profile of tracer concentration.
Run
FB-28
D4-28
D8-20
D8-25
D8-28
D8-33
D8-36
DV8-20
DV8-25
DV8-28
DV8-33
DV8-36

h
(m)
0.28
0.28
0.20
0.25
0.28
0.33
0.36
0.20
0.25
0.28
0.33
0.36

W/h
2.14
2.14
3.00
2.40
2.14
1.82
1.67
3.00
2.40
2.14
1.82
1.67

u*
(m/s)
0.0162
0.0189
0.0265
0.0240
0.0200
0.0196
0.0187
0.0322
0.0291
0.0274
0.0221
0.0215

Dt-y
2
(cm /s)
2.49
5.89
6.81
7.29
7.96
8.95
9.42
9.06
9.19
9.79
10.65
11.17

Dt-y/hu*

Remarks

0.054
0.110
0.128
0.122
0.142
0.138
0.139
0.140
0.126
0.127
0.146
0.144

Flat bed
Bedforms, hbf=0.04 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m
Bedforms and vegetation, hbf=0.08 m

Table 2. Experimental results for transverse mixing.
Table 2 lists the value of the the transverse mixing coefficient Dt-y for the twelve runs. First, compared
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to the flat bed, the presence of the bedforms increased the transverse mixing of more than a factor of
2. Also, the transverse mixing coefficient increased with the dune height. Moreover, for the flow over
bed forms the higher was the water depth, the larger was the transverse mixing coefficient. Third, by
introducing the vegetation at the channel banks the transverse mixing increased from 18% to 33%.
Again, in the flow with the vegetation, the transverse mixing increased with the increasing water
depth. Dimensionless transverse mixing coefficient Dt-y/hu* was in the range from 0.054 to 0.146. The
lowest value was for the flat bed conditions and the highest value was for the flow over dunes with the
bank vegetation and the second largest water depth, i.e. Run DV8-33. Hence the data also confirmed
the role of channel aspect ratio on the transverse mixing rate. Notably, the experimental data in Table
2 were generally consistent with literature experimental data for straight channels, but the value for
the flat bed was quite low. Overall, it can be concluded that the introduction of the vegetation to the
channel banks results in a significant increase in the transverse mixing coefficient if compared to the
values for flow over bed forms without vegetation. Finally, it was suggested that the use as
characteristic length scale of transverse turbulent mixing in straight rectangular channels of both h or
W is equivalent (Deng et al., 2003; Gualtieri, 2010). From an analysis of transverse mixing data in
straight rectangular laboratory channels Gualtieri (2011) obtained:
D
0.124
t-y
=
(1)
W u * (W h )0.943

Figure 6. Dt-y/Wu* vs W/h in straight channels (laboratory and field), for the present study and Eq. (1)

Fig.6 compares the experimental data used to derive Eq. (1) as well as this equation with the
experimental data collected in the present study. A limited number of experimental data collected in
straight rivers (triangles) and the values calculated by Bouchez et al. (2010) for the Solimões River
were also added. These rivers data generally fell above Eq. (1). This was not unexpected because in
natural channels the rate of mixing is higher than in laboratory channels due to the increase of
secondary currents and eddies strength, related to roughness changes, sediments and vegetation.
The experimental data collected in the present study, except for the run on the flat bed, were in good
agreement with the trend from Eq. (1), but generally with larger values. i.e. they were on the right side
of the black line. This is likely due to presence of the dunes and the banks vegetation. Moreover, for
the same W/h, the addition of the vegetation at the channel banks further increased Dt-y .
4

CONCLUSIONS

The paper presented the results of an experimental study about the effect of bed forms and
vegetation at the channel banks on the structure of the flow field and on the transverse mixing of a
solute. Twelve runs were carried out in a laboratory flume where ten 2D fixed dunes were placed on
the bed and the banks were covered by rice stems. Detailed 3D velocity measurements were
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performed in five sections along the channel using Acoustic Doppler Velocimetry (ADV). The process
of transverse mixing in the channel was studied using saline water as a tracer.
The analysis of the flow field revealed in comparison with the flat bed conditions significant
modification of the flow field due to presence of the bed forms and of the vegetated banks. The
presence of bank vegetation produced a large dip-phenomenon, which was related in the literature
with the occurrence of strong secondary currents. Hence it was demonstrated that the presence of the
bank vegetation increased the secondary currents. Second, compared with the flat bed conditions, it
was demonstrated that the interaction between dunes and bank vegetation increased the intensity of
turbulence. Third, compared to the flat bed, the presence of the bedforms as well as the dune heigth
increased the transverse mixing. Moreover, for the flow over bed forms the higher was the water
depth, the larger was the transverse mixing coefficient. By introducing the vegetation at the channel
banks the transverse mixing increased by around 20% in average. Again, in the flow with the
vegetation, the transverse mixing increased with the increasing water depth. Fifth, the experimental
data for the transverse mixing rate were in good agreement, but generally larger, with the trend
predicted by a literature equation derived from a large number of data collected in straight laboratory
channels, i.e. Eq. (1). Overall, it can be concluded that in a channel with vegetation at the banks
secondary currents and turbulence intensity are stronger than if the vegetation is missing. This leads
also to larger values of the shear velocity and of the transverse mixing coefficient.
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